Successful application of sol-gel, metalorganic decomposition, or hydrothermal routes to ceramic thin films depends on the mechanical integrity of the precursor film. Above a critical thickness, a precursor film will crack or decohere from the substrate during drying. The cracking and thickness of thin metalorganic precursor films were simultaneously observed during drying using a standard optical microscope. Isochromatic color fringes produced by interference of reflected white light were used to monitor film thickness. The critical film thickness was determined by the color fringe corresponding to the thickness at which propagating cracks terminated. As a demonstration of the technique, the critical thickness of titanium di(isopropoxide) bis(ethyl acetoacetate) films was measured, showing increased critical thickness with the addition of small amounts of an elastomeric polymer.
Successful application of sol-gel, metalorganic decomposition, or hydrothermal routes to ceramic thin films depends on the mechanical integrity of the precursor film. Above a critical thickness, a precursor film will crack or decohere from the substrate during drying. The cracking and thickness of thin metalorganic precursor films were simultaneously observed during drying using a standard optical microscope. Isochromatic color fringes produced by interference of reflected white light were used to monitor film thickness. The critical film thickness was determined by the color fringe corresponding to the thickness at which propagating cracks terminated. As a demonstration of the technique, the critical thickness of titanium di(isopropoxide) bis(ethyl acetoacetate) films was measured, showing increased critical thickness with the addition of small amounts of an elastomeric polymer.
Amorphous precursor thin films are converted into crystalline ceramic thin films by a variety of techniques, including sol-gel processing, metalorganic decomposition (MOD), and hydrothermal processing. In each of these methods, a substrate is first coated with a precursor film, usually by spin or dip coating. The precursor film is then dried and converted into a ceramic thin film by a chemical and/or thermal processing step. During each step, the film volume may decrease due to loss of volatile organics and increased film density. If the film adheres to the substrate, volume changes constrained in the plane of the substrate induce internal stresses which may cause film cracking. [1] [2] [3] [4] [5] [6] [7] Moreover, cracking of the precursor film consequently affects the mechanical integrity of the final ceramic film.
The mechanical integrity of thin films has long been observed to be dependent on film thickness. Above a critical thickness, brittle films under a tensile stress are observed to crack spontaneously or propagate cracks from preexisting flaws. [2] [3] [4] [5] Cracking occurs when the strain energy release rate exceeds the film fracture toughness, or (in concept) when internal stresses exceed the cohesive strength of the film. [6] [7] [8] [9] [10] Films above a critical thickness can also decohere from the substrate when interfacial stresses exceed the adhesive strength. [8] [9] [10] [11] The critical film thickness for cracking has typically been observed in the range 0.4-1.0 mm for a variety of materials and conditions. [2] [3] [4] [5] [6] These thicknesses are suitable for measurement by optical techniques.
Isochromatic color fringes produced by interference of reflected white light can be used to measure the thickness of transparent thin films in the micrometersubmicrometer range. 12, 13 The major disadvantage of the technique is that the refractive index of the film must be known. 12, 14 However, when the refractive index is known, the simplicity of the technique is a major advantage, requiring only a standard optical microscope. Furthermore, isochromatic color fringes on a thin film reveal a film thickness "contour map" that can be monitored as film cracking is observed. Other more sensitive optical techniques, such as ellipsometry and prism coupling, are not amenable to measuring thickness variations, or simultaneously observing film thickness and cracking behavior. [12] [13] [14] [15] In this study, the critical thickness of titanium di-(isopropoxide) bis(ethyl acetoacetate) (TIBE) films was determined using isochromatic color fringes produced by interference of reflected white light. TIBE has been used to produce titanate thin films 16, 17 and is known to be prone to cracking during drying. 17 Consequently, the effect of polymer additions on the critical thickness was examined, showing increased critical thickness for films with polymer additions and demonstrating the utility of the measurement technique.
TIBE is a commercially available (Gelest Inc., Tullytown, PA) metalorganic precursor, made by reacting titanium tetraisopropoxide with ethyl acetoacetone. 18 As-received TIBE was diluted to 50 vol% in toluene. Two other precursor solutions were prepared by dissolving 5.0 and 10.0 wt% (relative to the TIBE) of an elastomeric styrene-butadiene-styrene block copolymer (Kraton D1102C, Shell Oil Co., Belpre, OH) in the TIBE-50 vol% toluene solution. The viscosity of the as-received TIBE and each precursor solution was measured as a function of shear rate using a 0.8 ± cone and plate viscometer (Model LVTDT-IICP, Brookfield Engineering Laboratories, Inc., Stoughton, MA).
Precursor solutions were spun on reflective platinum coated glass substrates. Glass cover slides (18 3 18 3 0.2 mm) were ultrasonically cleaned in methanol, followed by dc-sputtering of platinum. A stylus profilometer (alpha-step 200, Tencor Instruments, Mountain View, CA) was used to measure the thickness, 300 nm, and root mean squared roughness, 10 nm measured over a 400 mm range, of the Pt coating. Prior to spin coating, the substrates were washed with toluene and dried under flowing argon. Precursor solutions were pipetted onto the substrates and held to the spin coater (Headway Research Inc., Garland, TX) by vacuum. Spin coating was carried out at 5000 rpm for 15 s in a forced convection fume hood (Liberty Ind. Inc., E. Berlin, CT).
Precursor films were dried at room temperature and atmospheric pressure. The film morphology (including film thickness, crack initiation, crack growth, and crack arrest) was observed during drying using an optical microscope (Model BHS, Olympus Optical Co. Ltd., Tokyo, Japan). The numerical aperture of objective lenses was 0.13, 0.40, and 0.70 for total magnifications of 50, 200, and 5003, respectively. The top surfaces of films were photographed periodically, up to 90 h after spin coating, using a standard 35 mm camera attached to the optical microscope. After 90 h drying, no significant morphological changes were observed.
Isochromatic color fringes were produced by interference of reflected white light in the precursor thin film. 12, [19] [20] [21] Rays from a source of white light (standard optical microscope) were incident normal to the surface of precursor films on reflective Pt-coated glass substrates. Since the precursor films were transparent, light waves were reflected from the film surface and refracted upon entering the film. Light waves that entered the film were reflected from the substrate and refracted again upon leaving the film. Thus, a path difference existed between light waves reflected off the film and the substrate. Since the refractive index, n, increased from air (n 1.000 [19] [20] [21] ) to the precursor film (TIBE, n 1.522 22 ) to the substrate (Pt, n . 2 12, 20 ), an additional one-half wavelength phase shift occurred for reflections at each interface. 12 For this case, the optical path difference (or retardation, R) for constructive interference of light waves was
where n is the refractive index of the film, h is the film thickness, m is the wave order, and l is the wavelength of the color of light observed. Destructive interference occurred when the retardation of light waves was equal to m 2 1͞2 of their wavelength. As the film thickness varied, the retardation changed such that light waves of different wavelength (or color) constructively and destructively interfered. Also, the vividness of color fringes decreased with increased film thickness because fringes of increased wave order experienced increased destructive interference. For m . Film thickness was determined using Eq. (1) and the observed isochromatic color fringes. Direct calculation of the film thickness at a particular color fringe using 2nh ml was unrealistic because a single wavelength must be specified for the observed color fringe. A single color of light actually contains a range of wavelengths with an intensity maximum at the wavelength typically specified for that color. The ranges of wavelength for different colors can overlap, producing color combinations. 21 Furthermore, the sensitivity of the human eye varies for different colors. 21 These problems were circumvented by using retardations, R, tabulated for the color fringes commonly observed in various optical interference phenomena. 21, 23, 24 Thus, the known retardation for a particular color fringe was used to determine the film thickness for that color fringe according to Eq. (1), R 2nh. The refractive index for TIBE, n 1.522, 22 was used in all thickness measurements. The average thickness of precursor films was dependent on the precursor solution viscosity. The viscosity measured for each precursor solution decreased with increasing shear rate from 1 to 10 s 21 , becoming constant from 10 to 1000 s 21 . Since spin coating was carried out at 5000 rpm, the relevant solution viscosity was the limit approached with increasing shear rate. The precursor solution viscosity measured above 10 s 21 was 32 mPa s for the as-received TIBE, 3 mPa s for the TIBE-50 vol% toluene solution, 13 mPa s with 5.0 wt% polymer, and 26 mPa s with 10.0 wt% polymer. The above measurements were initial, lower bound solution viscosities, because in practice the solvent evaporated during spin coating. Note the decrease in TIBE viscosity with dilution in 50 vol% toluene, and the subsequent increase in TIBE-50 vol% toluene viscosity with polymer additions. After spin coating, the average film thickness increased with increasing initial solution viscosity, as observed qualitatively by color fringes (e.g., Fig. 1 ). The observed trend agrees with previous experimental and theoretical work showing a directly proportional relationship between the initial film thickness (h i ) and solution viscosity (h) (h i~h a , where a 1͞3 2 1͞2 25-30 ). The order of increasing average film thickness among the precursor solutions remained the same as the films dried.
Film cracking and thickness were simultaneously observed during drying. Observations of the as-received TIBE and TIBE-50 vol% toluene films after drying for 1 h showed that cracks initiated and grew radially from the thickest regions of the film. Cracks initiated at heterogeneities such as dust particles embedded in the film, which caused a localized increase in the film thickness above the critical film thickness. Propagation and bifurcation of the initial cracks resulted in the formation of crack networks after 1.5 to 2 h. By 4 h, cracks had propagated throughout the majority of the film, and the film began to decohere from the substrate in the thickest regions. After 90 h, most of the film had decohered from the substrate [ Fig. 1(a) ]; however, crack arrest was observed in the thinnest regions of the film, corresponding to the outermost edges of the substrate (right side of micrograph) and the periphery of wetting flaws [voids in the film coverage, e.g., center of Fig. 1(b) ]. Films made from TIBE-50 vol% toluene solutions with polymer additions still cracked, but did not decohere [ Figs. 1(b) and 1(c) ]. More importantly, cracking was suppressed in films with added polymer, despite increased film thickness, as shown by color fringes in Fig. 1 . In the case of films with 10.0 wt% polymer, cracks were observed only in the thickest regions of the film and many cracks that had initiated were unable to grow [ Fig. 1(c) ]. Note that the extensive film cracking observed near the substrate edge in Fig. 1 was due to a meniscus resulting from spin coating. The meniscus was typically several times greater in film thickness than the larger and more uniform center region of the film shown on the left side of the micrographs.
The critical film thickness was determined after 90 h drying from higher magnification micrographs taken at the substrate edge (Fig. 2) and the periphery of wetting flaws, where cracks that had initiated in thicker film regions arrested while propagating into thinner regions. The critical thickness was defined as the film thickness below which cracks neither initiated nor propagated, and was measured by determining the film thickness at which propagating cracks terminated. An isochromatic color fringe chart was determined from known retardations for observed color fringes, using Eq. (1) and the refractive index for TIBE to calculate corresponding film thicknesses (Table I ). The observed fringe color, fringe order, and measured critical film thickness for films of each precursor solution are tabulated in Table II . As shown in Fig. 2 and Table II, the critical film thickness for cracking increased with increasing polymer content. Since films processed from the as-received TIBE and TIBE-50 vol% toluene solutions exhibited the same critical thickness, the initial film thickness had no apparent influence on the measured critical film thickness. Note that the values reported in Table II are for the lowest critical thickness observed in each film, and may not exactly correspond to the micrographs shown in Fig. 2 .
Errors associated with the optical interference technique were accounted for in the critical thickness results given in Table II with time, radiation wavelength, and polymer addition; and (iii) light incident normal to the film surface. Errors due to (i) and (ii) should be relatively small for the visible spectrum of light in the present system. Note that the refractive index for a styrene-butadiene-styrene block copolymer, n 1.53421.535, 31 is only ഠ1% higher than the refractive index for TIBE. The error due to (iii) generally increases with magnification, due to an increasing numerical aperture for an objective lens of increasing strength. Errors of this type are generally on the order of several percent (i.e., numerical aperture of 0.4-0.8), and can be as high as 10% of the measured thickness under extreme conditions (e.g., numerical aperture of 0.9 with a large aperture diaphragm). 32 Measurements made in this study were confirmed at the lowest magnification possible. Thus, the thickness measurements in this study are believed to be within several percent of the actual film thickness. 12, 13 As a final note, the possibility of human error in distinguishing color fringes can be eliminated by employing a spectrophotometer, [33] [34] [35] but will compromise the simplicity of the above method.
The optical interference technique used in this study provided a simple means to simultaneously observe film thickness and cracking during drying. Furthermore, thin film fracture toughness, which is relatively unknown for most technologically significant thin film materials (including metalorganic precursors), is related to the critical film thickness. 8, 9 Thus, by combining this technique with measurement of the strain or stress [36] [37] [38] [39] [40] in the film during drying, assessment of thin film fracture toughness could be made. 41 
